We generated and characterized plasma with single and double picosecond laser pulses in order to study the plume dynamics and to control the plasma properties. The double-pulse scheme was found to be superior for the generation of a homogeneous plasma. The lateral expansion was prominent for irradiation schemes wherein energy of the first pulse is lower/equal to that of the second pulse. While the velocities of the fast and slow species were found to be nearly equal, the emission counts corresponding to slow species are larger for single pulse compared to the double pulse.
Introduction
Laser produced plasmas (LPP) are of great importance in a variety of applications including EUV generation 1 , high-order harmonic generation [2] [3] [4] [5] , attosecond pulse generation [6] [7] [8] , wake-field acceleration 9 , nanoparticle and nanocluster generation 10, 11 etc. LPPs are highly transient such that the parameters of the plume vary with time and space rapidly and therefore characterization of the plume is necessary for the above mentioned applications. The nature of expansion of LPP is essentially dependent on number density and temperature of the plume, which depends on parameters of the laser such as wavelength, pulse duration, energy and spot size, nature and pressure of the ambient gas along with material properties 12 . Attaining a suitable number density at a specific high temperature is crucial for many applications, and it is challenging to achieve 13 . Various irradiation schemes including single-pulse (SP) and double-pulse (DP) methods 14 were also employed previously to investigate parameters of plasmas. It has been reported that, while the temperature increases very slightly (usually < 10%), the line emission intensity from various species increases 15, 16 for the optimum delay, ∼500-1000 picoseconds (ps), between pulses 17 for DP scheme. However, it is theoretically predicted that the temperature of the plasma could be increased up to 3 times if the preformed plasma is irradiated with a delayed pulse at ≤ 200 ps, but it has not been experimentally demonstrated to date 18 . There are studies on DP using laser pulses of different wavelengths where a dramatic increase in the emission intensity and plasma temperature has been observed when an infrared (IR) laser is used to irradiate the pre-formed plasma 19, 20 . Stratis et. al. 2001 21 used the orthogonal geometry (i.e. the plasma plume formed by the first pulse interacts with the second beam passing perpendicular to the plume expansion direction) in the pre-ablation mode and found an increase in overall size and a change in the shape of the plume. Characterization of such plumes are generally carried out using techniques such as optical emission spectroscopy (OES) and time-of-flight (TOF) [22] [23] [24] to infer the spatio-temporal nature of the plume. Standard experimental techniques capable of uncovering the early expansion of the plasma plume are time-resolved shadowgraphy [25] [26] [27] and schlieren photography 28 . However, these techniques cannot be used to reconstruct the hydrodynamic expansion of the plume and its radiative characteristics. Therefore time-resolved plume imaging using an intensified charge coupled device (ICCD) would be a suitable choice to study the hydrodynamic expansion along with time-resolved OES for spectral information. This work compares the plume dynamics of Al plasmas generated by single and double pulse schemes.
Experimental
The plasma is generated using a 60 ps laser pulse at 800 nm from a mode-locked Ti: Sapphire laser (Odin II, Quantronix) focused to a spot size of ∼ 85 µm using a 500 mm plano-convex lens onto the surface of a 99.99% pure 50 mm × 50 mm × 3 mm Al target (ACI Alloys Inc, USA), which is kept in nitrogen at a pressure of ∼ 10 −6 Torr. The laser operates at a repetition rate of 1 kHz whereas the experiment is performed for a predefined number of irradiations on the target by positioning a fast, synchronized mechanical shutter into the beam path. The target is translated by ∼200 µm after each measurement to avoid repeated irradiation on the pit formed on the surface due to ablation by previous irradiations. Emissions from ions and neutrals in the range from 300 nm to 400 nm are recorded using a spectrometer (SP 2550, Princeton Instruments) equipped with a 13 µm × 13 µm, 1024×1024 Gen II ICCD (Pi: MAX 1024 f, Princeton Instruments), with a spectral resolution of ∼ 0.02 nm. The layout of the experimental set up is shown in Fig. 1 . Spectral lines in the emission spectra are compared with a standard NIST database 29 and emissions from neutral as well as ionized species are identified. Imaging of the plume is carried out by repeating the experiment for different gate delays/time delays (t d ) and for a given gatewidth/integration time (t w ) using the ICCD. The experiment is also repeated for two different geometries to explore the features of expanding plasma and we compare the same for SP and DP schemes. The DP scheme is implemented using a combination of a polarizing cube beam splitter and a half-wave plate for splitting the energy used in SP scheme into two pulses propagating along different paths. The second pulse travels a longer path, leading to an inter-pulse delay of ∼ 800 ps and follows the path of the first pulse after the pulses are combined in a collinear geometry (back to back irradiation at the same position). Also, measurements are repeated for various irradiation energies in order to find out the variation in nature of expansion and changes in the abundance of species. 
Results
Time-resolved OES for various energies and for different positions along the expansion direction of the plume is carried out to understand the abundance of species in the plasma. Emission lines at 394 nm and 396 nm (for Al I), 358 nm (Al II) and 447.9 nm, 451.2 nm and 452.8 nm (for Al III) have been used in the present case for analysis. Emission from different species is found to be dependant on the irradiation energies. While only Al I emission is recorded for 100µJ, emission from both Al I and Al II is visible until 500 µJ. Al III emissions are visible along with Al I and Al II for all irradiation energies above 500 µJ which is consistent with the previous reports on the dependence of ion yield on laser fluence 30 . It is also found that the emission from Al I saturates once emission from Al III appears in the OES. From OES measurements along the expansion direction for ∼ 600 µJ, the emission maximizes at ∼ 1 mm above the target surface for all the species. It is found that the emission from Al III has a larger spatial extent compared to Al I and Al II, which can be attributed to the generation of faster species via non-thermal processes (See Fig 2) .
Measurements on the plume dynamics have been carried out for various t d s up to 500 ns starting from 40 ns with 10% of t d as t w . This has been repeated for energies as shown in Fig. 3 for a) 100 µJ ,b) 200 µJ, c) 300 µJ, d) 400 µJ, e) 500 µJ and for f) 600 µJ for SP. For 100 µJ, the plume is bright with counts per pixel increasing initially with time, decreasing soon after and eventually diluted to the surrounding after it has reached a certain distance from the target surface (namely, the plume length) and is ∼ 4.3 mm in ∼ 110 ns. Also, there is only one peak/component observed for 100 µJ with negligible expansion for the measurement parameters. The hottest spot, the point in the plume at which maximum emission occur, is observed to be at the same spatial point ∼ 1.5 mm above the target surface from t d = 40 ns until the plume gets diluted. On increasing the energy of irradiation to 200 µJ, the plume exhibits two peaks/components, namely the fast and slow peaks. While fast and slow components display equal emission counts for their peaks at earlier times of expansion, their relative emission counts show a significant difference at later times. For all energies ≥ 200 µJ, the emission from slow species is larger for all measured t d s. Moreover, the emission count increases with energy for both fast and slow components, which is evident in the OES measurements (see Fig. 2 ). Also, an increase in the plume length has been observed when plumes corresponding to 100 µJ are compared with 200 µJ which is shown in Fig 3 a and b .
The emission features for DP schemes for various energy combinations such as a) 100 µJ-500 µJ, b) 200 µJ-400 µJ, c) 300 µJ-300 µJ, d) 400 µJ -200 µJ and e) 500 µJ -100 µJ are shown in Fig. 4 . The inter-pulse delay is fixed to ∼ 800 ps since the improvements in ion density has been reported for delays < 1 ns 17 . The plume in DP scheme is found to be entirely different from SP not only in terms of the total emission counts but also the geometrical shape of the expanding plume. In the case of SP, the plasma is more directional with relatively low lateral expansion as indicated in Fig. 3 showing a trend similar to a femtosecond (fs) plasma 31 . Whereas for DP scheme, the lateral expansion of the plume is evident resembling a ns plasma expansion (as shown in Fig. 4 a-e) 31 , though the process leading to the shape of the plasma plume may be different. The splitting of the plume into two components; the fast and slow components is evident, but occurs little later, i.e. for larger t d s in all DP cases compared to all the SP schemes. The current observation implies that the fast emitting species are mostly either highly charged species or the result of recombination of the fastest species traveling at very high velocities. This is corroborated with the measured spectra from highly charged species at larger distances (see Fig. 2 ). Thus, it could be inferred that the fast components consist mostly of species from non-thermal origin whereas the slow component in general exhibits thermal nature 32 . Further, the emission counts are higher for cases a, b and c of Fig. 4 compared to all other DP combinations and SP schemes. The variation in geometric shape of the plume for different irradiation schemes is also different. While the shape of the plume changes from cylindrical to more spherical with an increase in irradiation energy for SP, the DP scheme displays a better spherical shape for cases a, b and c with aspect ratio closer to 1, i.e. ∼ 1.4, than all the other cases presented here (please see the Figure 1 in supplementary file for more details). From these observations, it is clear that the plume dynamics shows distinctive features for SP and DP, more precisely, in the geometric shape of the plume and integrated emission intensities from the plasma. The emission intensity profile is also estimated by averaging the signal over several pixel rows from the recorded images to get a complementary dataset that yields information similar to optical time-of-flight (OTOF) measurements except the fact that current measurements provide a convolution of time-of-flights of all species that move within the plume, a representative figure of which is shown in Fig 5 ( a more detailed information is available in Figure 2 and Figure 3 of the supplementary file). While the emission intensities for fast species are higher compared to its slow counterpart in all DP cases, the emission intensity of slow components is larger in SP schemes.
The velocities of fast and slow components of the plasma calculated for SP and DP cases at later times can be found in Table. 1 and Table. 2 respectively. It is clear from Table 1 that the fast components in most cases are moving with nearly the 4/9 Figure 5 . The emission intensity profiles are estimated from averaging the signal over several pixel rows from the recorded images to give a complementary dataset that yields information similar to optical time-of-flight (OTOF) measurements for SP at 100 µJ and 500 µJ and DP at 500 µJ-100 µJ and at 100 µJ-500 µJ. The emission counts are maximum for 100 µJ-500 µJ combination. same average velocity irrespective of the irradiation energies except for 100 µJ (where no evidence of fast species is detected). However, velocities of the slow component increase with an increase in energy for SP. Also, from the plume dimensions, plume length is found to be the same for SP at 600 µJ and for all DP cases; although there is a definite change in plume width for each case. To understand this further, the SP at 100 µJ, (Fig. 3 a) is compared with DP at 100 µJ-500 µJ (Fig.4 a.) . The plume is found to concentrate along the plume axis at 100 µJ for all t w s and such a plume would expand to ∼ 80 µm from the target surface (given the spot size is ∼ 85 µm) assuming the maximum initial velocity to be ∼ 100 km/s in 800 ps. The situation is similar when the first pulse irradiates the target in the DP case a, producing a plasma plume. As soon as the second pulse arrives, the nature of expansion of the plume changes dramatically; the schematic of which is illustrated in Fig. 6 . Fig. 6 (I) and (II) represents the irradiation of the target before and after the first pulse reaching the surface respectively. A plasma will be formed by the first pulse and the delayed pulse may interact with the plasma via inverse-bremsstrahlung (a process that depends on number density and temperature of the plume). The cross section of this process would be low due to the lower number density in the present case, leading to ineffective shielding of the second pulse from reaching the target surface. This would invoke processes such as: 1) laser-plasma (Fig. 6 (III) ), 2) laser-target (Fig. 6 (IV) ) and 3) plasma-plasma interactions (Fig. 6 (V) ).
The second plasma generated from the heated pit formed by the first pulse would then experience the pressure of a dynamic plasma produced by the first laser pulse. This could be compared to a situation similar to the expansion of a plasma plume at moderate pressures of ∼ 1 Torr, except that the pressure exerted by the pre-formed plasma plume is dynamic and can have a multitude of interactions as compared to the static ambient pressure. Hence, the two plasmas thus produced can interact with each other, producing shock waves and other possible collisional interactions, which make the expansion relatively complex. This results in a plasma plume with larger radial expansion than in SP cases due to enhanced collisions and energy exchange processes. The ablation efficiency from the target surface for cases a to c in DP is larger due to the increased ablation efficiency from a heated molten surface. Therefore it can be concluded that the lateral expansion would be prominent for irradiation schemes in which the first pulse energy is lower/equal to the second pulse. In general, due to the interaction of neutral and charged species in the plasma produced by the first pulse and with fast electrons produced by the second plasma, it is very likely to produce highly charged species in the DP case similar to the situation of larger irradiation energies in SP scheme. Figure 6 . Schematic for generation of plasma in DP geometry. Here the first pulse produces a plasma (II) and the second pulse delayed by 800 ps then interacts with the plasma produced by the first laser pulse via mechanisms such as (III) laser-plasma, (IV) laser-target and (V) plasma-plasma interactions.
In addition to the above DP scheme, irradiation at two spatial points (DP2) separated by 700 µm on the target was also performed and showed distinctive features compared to SP and the above mentioned collinear DP cases (which will be called DP1 hereafter). Two pulses of equal energies (400 µJ/pulse) with zero delay between pules are used for DP2. Though an adiabatic expansion of plasma with the existence of two peaks (fast and slow) is evident in all cases, the plume expansion is found to have considerable variation in its shape for DP2 due to the interaction of the two plasmas, formed upon the irradiation at two different spatial points on the target surface, forming colliding plasmas. The plume expansion is found to be confined along the plume axis leading to a more cylindrical plasma plume that resembles the expansion features of a fs plasma plume (please see Figure 4 in the supplementary file for more details). The slow peaks are broadened spatio-temporally leaving the possibility for the generation of nanoparticles at a later stage. A more detailed study would be necessary in this regard as this method can be used to create more uniform thin films as the plume is more cylindrical compared to fs plasma.
Discussion
A picosecond laser plasma has been generated and characterized to investigate the dynamics of the plume so as to make it suitable for various applications in which the plume shape as well as abundance of certain species are crucial. From these measurements it is demonstrated that the features of the plume are governed and modified by the double pulse geometry, such that homogeneity of the plume could be enhanced, i.e. for t d ≤ 60 ns from 100 µJ-500 µJ to 300 µJ-300 µJ, at least in the earlier stages of expansion before plume splitting due to fast and slow species occurs. A detailed analysis of laser-plasma, laser-target and plasma-plasma interaction for the double pulse geometry is performed to understand the structural modifications in the plume. Optical emission spectroscopy facilitated the understanding of the abundance of species both spatially and temporally for given energies, while imaging with an ICCD was used to investigate the hydrodynamics of the plasma plume. From these measurements it is clear that the structure of the plasma plume is modified by employing a double pulse geometry which has been analyzed carefully to understand the lateral expansion of the plume. While the scheme DP2 is predicted to favor generation of nanoparticles at a later stage, the plume in DP1 scheme exhibits symmetry in expansion showing a homogeneity useful for applications such as high-order harmonic generation that demand phase-matching.
Methods
A plasma is generated using 60 ps laser pulses at 800 nm from a mode-locked Ti:Sapphire laser (Odin II, Quantronix) focused onto a solid Al target, which is kept in nitrogen ambient at pressure ∼ 10 −6 Torr. Optical emission spectroscopy and plasma plume dynamics have been recorded using a high resolution spectrometer equipped with Gen II ICCD (Pi: MAX 1024 f, Princeton Instruments). Imaging of the plume is carried out by repeating the experiment for different gate delays/time delays and for a given gate width/integration time. The experiment is also repeated for two different geometries, single pulse and double pulse, to explore and compare the features of an expanding plasma plume.
